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Protein Biogenesis*□S
Dawei Zhang‡, Michael J. Sweredoski§, Robert L. J. Graham§, Sonja Hess§,
and Shu–ou Shan‡¶
The signal recognition particle (SRP), which mediates
cotranslational protein targeting to cellular membranes, is
universally conserved and essential for bacterial and
mammalian cells. However, the current understanding of
the role of SRP in cell physiology and pathology is still
poor, and the reasons behind its essential role in cell
survival remain unclear. Here, we systematically analyzed
the consequences of SRP loss in E. coli using time-re-
solved quantitative proteomic analyses. A series of snap-
shots of the steady-state and newly synthesized pro-
teome unveiled three stages of cellular responses to SRP
depletion, and demonstrated essential roles of SRP in
metabolism, membrane potential, and protein and en-
ergy homeostasis in both the membrane and cytoplasm.
We also identified a group of periplasmic proteins, in-
cluding key molecular chaperones, whose localization
was impaired by the loss of SRP; this and additional
results showed that SRP is crucial for protein homeo-
stasis in the bacterial envelope. These results reveal the
extensive roles that SRP plays in bacterial physiology,
emphasize the importance of proper membrane protein
biogenesis, and demonstrate the ability of time-resolved
quantitative proteomic analysis to provide new biological
insights. Molecular & Cellular Proteomics 11: 10.1074/
mcp.M111.011585, 1–14, 2012.
The Signal Recognition Particle (SRP)1 is a key cellular
machinery that mediates the cotranslational targeting of se-
cretory and membrane proteins to translocation machineries
on the eukaryotic endoplasmic reticulum, or the bacterial
plasma membrane (1). The functional core of SRP is highly
conserved and comprises the SRP54 protein subunit (Ffh in
bacteria) and domain IV of the SRP RNA. Many biochemical
properties of SRP are conserved across the different king-
doms of life, and most notably, the bacterial SRP together
with its receptor can replace their eukaryotic homologues to
mediate the efficient targeting of mammalian proteins into
endoplasmic reticulum microsomes (2). Consistent with its
remarkable evolutionary conservation, the SRP is essential for
the growth and survival of bacterial and mammalian cells (3).
Despite the importance of SRP, its role in the physiology
and pathology of cells, especially bacteria, is not well under-
stood. Many studies have attributed cellular defects upon
SRP depletion to the accumulation of membrane and secre-
tory proteins in the cytosol, whose aggregation and misfold-
ing can be toxic to cells. In support of this notion, SRP
depletion induces heat shock responses, and reduction of
SRP is synthetically lethal with suppression of the heat shock
response (4–8). Nevertheless, simple heat stress is not known
to cause cell death (9). It is also generally recognized that
depletion of SRP impairs the targeted delivery of bacterial
inner membrane proteins (10). Nevertheless, in vivo analyses
found that SRP deletion causes only a mild kinetic defect in
protein targeting, and even verified SRP substrate proteins
localize to the membrane after 2–5 min (7, 11, 12). Indeed, it
appears that many proteins normally targeted by the SRP can
utilize alternative pathways (8), and recent results further sug-
gested that information in the mRNA itself could enable the
localization of transcripts encoding membrane proteins to the
bacterial plasma membrane (13, 14). These observations
raise intriguing questions: to what extent does the SRP influ-
ence membrane protein biogenesis and cell physiology? Can
the mild defects in protein targeting upon SRP depletion lead
to severe consequences? How do alternative pathways and
cellular adaptive responses cope with the loss of SRP? What
contributes to the essential role of SRP in cell survival?
These questions are more pronounced given that a rela-
tively small number of bona-fide SRP substrate proteins have
been identified in bacteria, which to date includes 21 mem-
brane- and seven periplasmic-proteins (15–21). It is generally
thought that the bacterial SRP mediates the targeting of a
subset of inner membrane proteins, whereas the majority of
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secretory and outer membrane proteins are delivered by the
alternative SecA/B pathway (10, 17, 22). Nevertheless, the
lack of a complete inventory of SRP-dependent protein sub-
strates raises additional questions about the roles of SRP in
cellular structure and function.
SRP, being an essential cellular machinery that mediates
the proper localization of membrane and secretory proteins,
also provides an excellent model system to probe the impor-
tance of proper membrane protein biogenesis for cell struc-
ture and function, and for the magnitude, pattern, and effec-
tiveness of cellular adaptive responses to the stress caused
by compromised protein biogenesis. An example of this is
provided by genomic analysis of the consequences of SRP
loss in yeast (23). This analysis showed that Saccharomyces
cerevisiae adapts to the loss of SRP by up-regulating chap-
erones and proteases, which protect cells from mislocalized
precursor proteins in the cytosol (23) and provide alternative
pathways for protein export (4, 24, 25). In addition, yeast cells
down-regulate the synthesis of ribosomal components to re-
duce protein synthesis, which helps reduce the load on pro-
tein targeting and translocation machineries (23). Partly as a
consequence of these adaptive responses, yeasts are the
only organisms that survive the loss of SRP. Whether and how
bacteria respond differently to the loss of SRP and how such
differences contribute to cell death remain to be explored.
Regulation of cells in response to stress or signaling cues
occurs at various stages, from transcription, translation, to
protein degradation. DNA microarrays have been the most
widely used tools for global analysis of gene expression pat-
terns. Nevertheless, the correlation between mRNA and pro-
tein abundance is poor (26). Much less is known about how
cells respond to cellular stress signals at the proteome level,
as changes in protein expression are often masked by the
steady-state proteome.
Stable isotope labeling by amino acids in cell culture
(SILAC) provides a simple and powerful approach that allows
quantitative analysis of steady-state proteome changes in
cells (27, 28). Recently, an extension of this technique, pulsed
SILAC (pSILAC), further allows for quantitative comparison of
translation rates on a proteome-wide scale (29). pSILAC di-
rectly measures the difference in the level of newly synthe-
sized proteome between two cell samples by pulse labeling
with two different stable isotopes (29). Here, we used a com-
bination of SILAC and pSILAC to analyze changes in the
steady-state and newly synthesized proteome upon depletion
of SRP, and to identify additional proteins whose localization
is dependent on the SRP. These studies revealed distinct
stages of cellular stress responses to the loss of SRP, and
demonstrated the essential roles that SRP plays in a variety of
cellular processes.
EXPERIMENTAL PROCEDURES
Cell Growth—E. coli strain HDB51 (WAM113 secB
zic-4901::Tn10), in which the expression of genomic Ffh is under the
control of an arabinose-inducible promoter (11), were grown in M9
medium containing 0.2% arabinose. Overnight culture was washed
and diluted into fresh M9 containing either 0.2% arabinose or glucose
to generate SRP and SRP– cells, respectively. Cells were replen-
ished with fresh media whenever they reached late log-phase. Control
experiments examining the effects of medium shift used wild-type
DH5a cells, which were grown under the same conditions as with
HDB51 and analyzed seven generations after shift to glucose-con-
taining media.
SILAC and pSILAC Experiments—All the isotopically labeled amino
acids are from the Cambridge Isotope Lab, with purity of 97–99%. For
SILAC, two parallel HDB51 cultures were grown in M9 media con-
taining 0.2% arabinose, one containing heavy (H) amino acids (13C6-
L-arginine and 13C6-L-lysine) and one containing light (L) amino acids
(12C6-L-arginine and
12C6-L-lysine), for at least seven generations to
allow full incorporation of the isotope label. After seven cell genera-
tions, 95% of the proteins are labeled with heavy amino acids
(supplemental Fig. S2). Cells grown in the heavy media were washed
and incubated in glucose instead of arabinose to generate SRP- cells.
At different times after the depletion of SRP (supplemen-
tal Fig. S1A, black arrows), the two types of cells were mixed in 1:1
ratio, processed, and analyzed by liquid chromatography-tandem MS
(LC-MS/MS) (Fig. 1A). For pSILAC, SRP– and SRP cells were ini-
tially grown in light media. At specified times after SRP depletion
(supplemental Fig. S1A, black arrows), SRP– and SRP cells were
pulse labeled with heavy (H) (13C6,
15N4-L-arginine and
13C6,
15N2-L-
lysine) and medium-heavy (M) (13C6-L-arginine and D4-L-lysine) amino
acids, respectively, for 20 min (Fig. 1B). The two types of cells were
mixed in 1:1 ratio and analyzed by LC-MS/MS (Fig. 1B). Two to four
biological replicates were carried out for each experiment.
MS Sample Preparation—Samples were processed following the
Filter Aided Sample procedure (30). Briefly, cells were heated at 95 °C
for 5 min in lysis buffer (4% w/v SDS, 100 mM Tris/HCl pH 7.6, 100 mM
dithiothreitol), sonicated for 10 min and clarified by centrifugation at
16,000  g for 5 min. Thirty microliters of the cell extract were added
to 200 l of UA (8 M urea in 100 mM Tris/HCl, pH 8.5) in 10-kDa
Amicon filtration devices (Millipore) and centrifuged at 14,000  g for
30 min. The concentrates were diluted in the filter device with 200 l
of UA and centrifuged again. 100 l of 50 mM iodoacetamide in UA
was added to the concentrated lysate and incubated in dark at room
temperature for 5 min, followed by centrifugation at 14,000  g for 40
min. The concentrate was then diluted with 100 l of UB (8 M urea in
100 mM Tris/HCl, pH 8.0) and centrifuged again at 14,000  g in
Amicon filtration devices for 40 min. This step was repeated twice. 40
l of UB containing Lys-C (enzyme to protein ratio 1:50) was added to
the concentrate and incubated overnight at 37 °C. 120 l of trypsin
(enzyme to protein ratio 1:100) in 50 mM NH4HCO3 was added to the
concentrate and incubated for 4 h at room temperate. The resulting
peptides were collected by centrifugation using the Amicon devices
for 40 min at 14,000 g, followed by addition of 50 l of 500 mM NaCl
and centrifugation at 14,000  g for 20 min. The peptide sample was
acidified with TFA (trifluoroacetic acid) and desalted using 3 ml
MILI-SPE extraction disk cartridges (C18-S.D.).
Strong Anion Exchange Fractionation—Desalted peptides were
fractionated on “in-house ” built strong anion exchangers, which were
assembled based on the StageTip protocol (31) by stacking six layers
of a 3 M Empore Anion Exchange disk (Varian) into a 200 l pipet tip.
Equilibration and elution of fractions was as described previously (32)
using the Britton and Robinson buffer (20 mM acetic acid, 20 mM
phosphoric acid, 20 mM boric acid titrated with NaOH to pH 11, 8, 6,
5, 4, and 3). Peptides were loaded at pH 11, the flow-through was
captured on a StageTip (31) containing three layers of C18 mem-
brane. Fractions were subsequently eluted from the strong anion
exchangers with buffer solutions of pH 8, 6, 5, 4, and 3, respectively.
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These peptide fractions were also captured on C18 StageTips, eluted
with 80% acetonitrile, 0.5% acetic acid, lyophilized and stored at
80 °C prior to mass spectrometry analysis.
Mass Spectrometry—All mass spectrometry experiments were
performed on an EASY-nLC connected to either a hybrid LTQ-Or-
bitrap Classic (Thermo Fisher Scientific) or LTQ-FT Ultra (Thermo
Fisher Scientific) equipped with a nano-electrospray ion source
(Thermo Fisher Scientific). Peptide fractionation was carried out on a
15 cm reversed phase analytical column (75 m ID) packed in-house
with 3 m C18 beads (ReproSil-Pur C18-AQ medium; Dr. Maisch
GmbH), using a 160-min gradient of 5–35% acetonitrile in 0.2%
formic acid at a flow rate of 350 nL/minute.
The mass spectrometers were operated in data-dependent mode
automatically switching between full-scan MS and tandem MS acqui-
sition. Survey full scan mass spectra were acquired after accumula-
tion of 500,000 ions, with a resolution of 60,000 (in the Orbitrap) and
50,000 (in the LTQ-FT) at 400 m/z. The top ten (in the Orbitrap) and
top seven (in the LTQ-FT) most intense ions from the survey scan
were isolated and, after the accumulation of 5000 ions, fragmented in
the linear ion trap by collisionally induced dissociation. Preview scan
mode was enabled in the Orbitrap but not in the LTQ-FT. Precursor
ion charge state screening was enabled and all singly charged and
unassigned charge states were rejected. The dynamic exclusion list
was enabled with a relative mass window of 10 ppm and with early
expiration turned on.
MS Data Analysis—Raw data files were analyzed using MaxQuant
(33) (version 1.0.13.13) and Mascot (version 2.2.06, www.
matrixscience.com). All files were searched against Uniprot E. coli
MG1655 entries (34, 35) (downloaded on 1/21/2009, 4252 sequences)
and contaminant entries (262 sequences) using a target/decoy ap-
proach as described (33). Mass tolerances of 7 ppm for precursor
ions and 0.5 Da for fragment ions were used. Variable modifications
included carbamylation of peptide N terminus, oxidation of methio-
nine, and acetylation of protein N terminus in addition to the SILAC
modifications. Carboxyamidomethylation of cysteine was a fixed
modification. Trypsin was specified as the digestion enzyme and up
to two missed cleavages were allowed. Peptide and protein false
discovery rates were fixed at 1%. All other parameters were set at
default. In analysis of the proteome changes in the different subcel-
lular fractions and in the sugar control experiments, at least two
peptides were required for protein identification. For the purposes of
quantitation, peptides belonging to more than one protein group were
assigned to the protein group with the most unique peptides. Proteins
ratios were quantified using MaxQuant (33). At least two ratios were
required for protein quantitation. Protein ratio statistical significance
was calculated by MaxQuant (33).
At the 12th generation, there was a global reduction in protein
synthesis (see the Results). As a result, the normalization process in
the MaxQuant algorithm, which sets the medium of all the observed
protein ratios as 1 to generate normalized protein ratios, could have
resulted in over-correction and raised the apparent ratios of some
proteins by up to twofold. For this reason, only the proteins whose
level increased fourfold or more at the 12th generation are discussed
in the text.
Clustering of protein groups by their ratios was performed using
unsupervised k-means clustering using an in-house script written in
python (www.python.org) with SciPy (http://www.scipy.org) and Mat-
plotlib. Gene ontology analysis was performed using DAVID (36, 37)
and in-house scripts. Groups of functionally related proteins enriched
in each cluster are listed in supplemental Table S1B.
Subcellular Fractionation—Cells containing pJH29 encoding AcrB-
MBP (11) were grown to an optical density of OD600  0.6. Cells were
lysed in Lysis buffer (100 mM Tris, pH 8.0, 20% sucrose, 1 mM CaCl2,
0.5 mM EDTA, and 50 g/ml lysozyme) at room temperature for 10
min before centrifugation at 8000 rpm for 10 min at 4 °C. The resulting
supernatant and pellet were used as periplasmic and spheroplast
fractions, respectively. Remaining periplasmic contents in the sphero-
plast fraction was released by an additional incubation in 10 ml of
Lysis buffer at room temperature for 80 min. MgCl2 was added to a
final concentration of 20 mM to stabilize the spheroplasts, which was
washed two more times and resuspended in 15 ml phosphate-buff-
ered saline with 1 mM phenylmethylsulfonyl fluoride . The cells were
broken by french pressing at 20,000 pSi, and the lysate was ultra-
centrifuged at 320,000  g for 3 h at 4 °C. The resulting supernatant
and pellet were used as cytoplasmic and membrane fractions, re-
spectively. For Western blotting analysis of the quality of cell fraction-
ation, all the fractions were precipitated with trichloroacetic acid
(TCA). For mass spec analyses, SRP and SRP- cells were used for
fractionation following the same procedures. Two biological repli-
cates were carried out for this experiment.
Measurement of Membrane Potential ()—Cells from 1 ml of
culture (OD600  0.8) were collected and resuspended in 1 ml of
permeabilization buffer (10 mM Tris, pH 7.5, 1 mM EDTA, 10 mM
glucose). Two microliters of 5 mg/ml JC-1 (Sigma) were added for 30
min at room temperature. Cells were collected and resuspended in
500 l of permeabilization buffer. Fluorescent bacteria were imaged
using a Fascol confocal microscope equipped with an argon laser
using excitation wavelengths of 488 and 543 nm (38). The F530/F590
ratio was calculated from the number of cells that emit green or red
fluorescence.
Ribosomal Profiling—Wild-type and SRP- cells were grown at
37 °C in M9 medium to an OD600 of 0.5, rapidly chilled on ice, and
harvested in the presence of 34 g/ml chloramphenicol to stabilize
translating ribosomes. Preparation of cell extract was performed by
French pressing in lysis buffer (20 mM KHEPES, pH 7.5, 40 mM KCl,
10 mM MgCl2, 34 g/ml chloramphenicol, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride , and protease inhibitor mixture). Equiv-
alent amounts of clarified cell lysate from each sample were loaded
onto a 10–50% sucrose gradient in lysis buffer, and ultracentrifuged
for 20 h at 20,000 rpm at 4 °C (39). Gradients were fractionated with
a density gradient fractionator and A254 was monitored to detect the
cytosolic fraction and different populations of ribosomes.
ArcA/B Activation Assay—Strain WAM121 (40) carrying the pLpZ1
(41) was grown in M9 medium with or without arabinose to generate
SRP and SRP- cells. For the -galactosidase activity assay, the
medium was supplemented with 0.1 M MOPS (morpholinepropane-
sulfonic acid) (pH 7.4), 20 mM D-xylose, and 20 mM L-lactate. -Ga-
lactosidase activity was assayed and expressed in Miller units (41).
Permeability Assays—Permeability of the cellular envelope to SDS
and vancomycin was analyzed in liquid medium as described previously
(42). Briefly, cells grown to an A600 of 0.5 in M9 medium were incu-
bated with varying concentrations of SDS/0.5 mM EDTA for 10 min, or
vancomycin for 180 min, and cell lysis was analyzed based on turbidity
changes. The concentration of SDS or vancomycin necessary to pro-
duce a 50% reduction in turbidity was quantified and reported.
Additional experimental methods are provided in Supplemental
Text and Figures.
RESULTS
Experimental Design—E. coli strain HDB51, in which the
expression of genomic Ffh is under the control of an arabi-
nose-inducible promoter (11), was used in this study. In the
presence of arabinose or glucose, HDB51 cells present the
SRP or SRP- genotypes, respectively (11). As indicated by
proteomic analysis, the synthesis of Ffh was shut off as early
as the first generation after the shift of growth media; the
steady-state level of Ffh was reduced to 5% of that of the
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SRP cells three generations after the media shift and re-
mained in the range of 8.6  4.7% during subsequent gen-
erations (supplemental Fig. S1C).
To minimize other sources of stress such as saturation and
nutrient depletion, we continuously replenished the culture
with fresh media when cells reached late log phase (see
Methods). Under these conditions, the growth of SRP- cells
was indistinguishable from that of wild type bacteria up to 10
generations after SRP depletion (supplemental Fig. S1A). Af-
ter the 10th generation, SRP- cells began to exhibit growth
defects: cell growth was twofold slower than SRP cells at
the 12th generation, and stopped altogether afterwards
(supplemental Fig. S1A), consistent with the notion that SRP
is essential for cell viability. The growth defect of SRP- cells
could be reversed by restoring SRP expression prior to the
12th generation, but less efficient rescue was observed with
cells at the 12th generation (supplemental Fig. 1B),
suggesting that severe cellular damage has occurred 12 gen-
erations after SRP depletion.
To test the consequence of SRP depletion on the steady-
state proteome, SILAC was used to label the SRP and SRP-
cells with light (L) and heavy (H) amino acids, respectively (Fig.
1A and supplemental Fig. S2). At specified times after SRP
depletion (supplemental Fig. S1A, black arrows), equal
amounts of SRP and SRP- cells were mixed and subjected
to LC-MS/MS analysis (Fig. 1A). All the quantified proteins
from each SILAC experiments can be found in
supplemental Tables S2–S4. Proteins identified with only a
single peptide sequence are described in supplemental
Tables S5–S6.
In parallel, we used pSILAC to analyze changes in protein
expression (Fig. 1B). In these experiments, cells were initially
grown in light media. At specified times after SRP depletion
(supplemental Fig. S1A, black arrows), SRP– and SRP cells
were labeled with a 20 min pulse of heavy (H) and medium-
heavy (M) amino acids, respectively (Fig. 1B). Pulse-labeled
cells were mixed and analyzed by LC-MS/MS for quantitative
comparison of the newly synthesized proteome (Fig. 1B). In
general, 1000–1300 proteins were identified in each pSILAC
experiment (supplemental Table S1A; for complete informa-
tion on the pSILAC experiments, see supplemental Tables
S7–S11). These proteins were distributed over all the major
categories of Gene Ontology terms (43), similar to that of the
E. coli proteome (supplemental Fig. S3). Thus pSILAC pro-
vides a simple, efficient, and unbiased method to identify the
newly synthesized proteome irrespective of protein size, func-
tion, and localization.
Proteome Changes upon SRP Depletion—We analyzed
proteins whose normalized levels changed over twofold in any
of the generations in pSILAC or SILAC experiments. The
kinetics of proteome changes in the pSILAC data suggested
different stages of cellular responses to the loss of SRP.
Immediately after SRP depletion, the synthesis of a significant
fraction of the proteome was down-regulated; these changes
peaked at seven generations after SRP depletion (Fig. 1C,
right). At later stages, however, up-regulation of the synthesis
of a large number of proteins was observed despite a global
reduction of protein synthesis at the late stage (see section
below) (Fig. 1C, right). Changes in the steady-state proteome,
as reported by SILAC, followed a qualitatively similar trend but
were not as pronounced as those in pSILAC (Fig. 1C, left),
demonstrating the advantage of pSILAC in delineating cellular
responses to stress signals.
The proteome changes were further analyzed by an unsu-
pervised clustering algorithm, which yielded seven clusters of
proteins that exhibit distinct patterns of changes either in
pSILAC or SILAC (Fig. 1D). Importantly, the proteins from
each cluster are enriched in different cellular pathways
(supplemental Table S1B), such as chemotaxis (cluster 2),
chaperones (cluster 3), transporters (cluster 4), metabolism
(cluster 6), protein synthesis (cluster 7), membrane proteins
and glycolysis (cluster 1). These changes are described in
more detail below.
Down-regulation of Motility—One of the most pronounced
responses to SRP depletion was the down-regulation of pro-
teins involved in bacterial motility (Figs. 2A–2C). These in-
cluded components of the flagellar motor (FlgE, FlgH, FliF,
FliG) and the signaling pathway that controls chemotaxis
(CheY, CheA, and MCP1–4) (Figs. 2A–2C and supple-
mental Table S12A). Reduced synthesis of these proteins
occurred immediately after SRP depletion, whereas changes
in their steady-state level lagged behind the changes in pro-
tein expression by 1 to 2 generations (Figs. 2A–2C). Although
glucose is known to down-regulate chemotaxis (44), control
experiments showed that shifting cells from arabinose to glu-
cose-containing media altered the expression of only a hand-
ful of proteins (supplemental Tables 1C and S13–S15). The
effect of SRP depletion on the chemotaxis pathway was much
more extensive and pronounced. As discussed later, down-
regulation of motility is likely an adaptive response to com-
promised membrane potential.
Induction of Chaperones and Proteases—Consistent with
previous findings (4–8), chaperones and proteases were in-
duced upon SRP depletion (Figs. 2D–2F and supple-
mental Table S12B). Analysis of the time course of proteome
changes further revealed three phases of this response and
suggested distinct origins of the induction at different stages.
The first phase was characterized by an induction of cytoplas-
mic chaperones and proteases that peaked at the fifth gen-
eration after SRP depletion (Figs. 2D–2F). This can be attrib-
uted to the heat shock response as previously suggested (4,
6, 7), as multiple sigma factors were also induced at this stage
(supplemental Table S12I). An adaptation phase followed dur-
ing seven to nine generations, in which new chaperone/pro-
tease synthesis returned to normal rates and their steady-
state concentrations were maintained at slightly elevated
levels (Figs. 2D–2F). After the ninth generation, a new spike of
chaperone/protease induction occurred (Figs. 2D–2F). Al-
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though heat shock could still play a role, the induction of the
phage shock protein PspA and the ArcA/B signaling pathway
at this stage (Figs. 2D and 4 below) strongly suggested that
the phage shock response, triggered by stress at the mem-
brane (45, 46), contributed significantly to the second spike of
chaperone and protease induction.
Impaired Metabolism—SRP depletion also caused signifi-
cant down-regulation of the TCA cycle (Fig. 3A and
supplemental Table S12C), which began immediately after
SRP depletion and continued through the 11th generation.
The steady-state level of TCA cycle enzymes was also re-
duced but lagged behind the reduction in their synthesis by
two to four generations, reaching the lowest level at 11–12
generations (Fig. 3A). Similar changes were observed for
components of the respiratory chain complex, such as suc-
cinate dehydrogenase flavoprotein subunit (DhsA), succinate
FIG. 1. Outline of proteomic methods and global analysis of the proteomic data. (A, B,) Overview of the SILAC (A) and pSILAC (B)
procedures, as described in the text and in the Experimental Procedures. C, Overview of the number of proteins whose expression (pSILAC)
and steady-state (SILAC) levels changed over twofold after SRP depletion. Asterisk denotes that at the 12th generation, only the proteins
whose expression (normalized ratio in pSILAC) is up-regulated over fourfold were considered; this was done to correct for potential
overnormalization during MaxQuant analysis of the data at this generation, as explained in the Experimental Procedures. D, Protein clusters
were generated based on different patterns of changes upon SRP depletion, as described in the Experimental Procedures. The proteins
enriched in each cluster are denoted in the parenthesis and listed in supplemental Table S1B. Gly and mem, glycolysis and membrane proteins;
aa biosynth, amino acid biosynthesis. Cluster 1 includes proteins that were unchanged in SILAC but slightly downregulated in the seventh
generation and/or altered in the 12th generation in pSILAC. Cluster 2 includes proteins significantly and immediately down-regulated in both
SILAC and pSILAC. Cluster 3 includes proteins that exhibited two spikes of induction in the fifth and 11–12th generations in pSILAC. Cluster
4 includes proteins that were specifically downregulated at the 11–12th generations. Cluster 5 includes proteins that exhibited qualitatively
similar pattern but a greater extent of changes than those in cluster 1. Cluster 6 includes proteins that exhibited qualitatively similar patterns
of changes as those in cluster 2, but the extent of changes is smaller. Cluster 7 includes proteins that were not significantly changed upon SRP
depletion.
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dehydrogenase iron-sulfur subunit (DhsB), and cytochrome
bo3 oxidase subunits (CyoA & CyoB) (Fig. 3A and sup-
plemental Table S12C). These data are consistent with a
recent analysis which detected reduced steady-state level
and activity of respiratory chain complex four hours after SRP
depletion (6, 7), but further showed that these reductions
most likely arise from a cellular adaptive response that re-
duces the synthesis of these enzymes. Components of the
glycolysis pathway were also down-regulated (Fig. 3B and
supplemental Table S12C), but to a much lesser extent than
the TCA cycle enzymes. Thus, SRP depletion led to a global
down-regulation of metabolism, with a stronger impairment in
aerobic metabolism.
Down-regulation of Transporters—Most membrane pro-
teins exhibited little change upon SRP depletion (sup-
plemental Fig. S4). Although this seems surprising as SRP is
thought to primarily target inner membrane proteins, these
results are consistent with previous observations that disrup-
tion of the SRP pathway led to mild kinetic defects in mem-
brane protein localization that were restored quickly (7, 8, 11,
12). However, down-regulation of various transporters was
observed as early as 3–5 generations after SRP depletion (Fig.
4 and supplemental Table S12D), including inner or outer
membrane transporters for ions (FhuE, FiU, NhaB, CirA,
OmpF) and peptides (DppF), as well as periplasmic and cy-
toplasmic proteins that assist in transport pathways (LivJ, GltI,
HisJ, FliY, FeS, DppA, ArtI, GlnH, ModA). There were also
slight reductions in the expression of components of protein
translocation machineries at later stages (SecY, SecD, YidC,
TatA/C; Fig. 4, supplemental Fig. S4 and supplemen-
tal Table S12D). Nevertheless, changes in the steady-state
level of these machineries as well as most membrane proteins
were surprisingly minor (Fig. 4, supplemental Fig. S4 and
supplemental Table S12D).
Response of Ribosome to the Loss of SRP—The expres-
sion and steady-state levels of most ribosomal proteins were
not substantially affected by SRP depletion (Fig. 5A), in con-
trast to observations in S. cerevisiae and S. Mutans where a
global transcriptional repression of ribosomal components
occurred as an adaptive response to SRP depletion (6, 23).
Only a handful of ribosomal proteins, most notably L31/L31B,
were significantly down-regulated (Figs. 5B, 5C). The precise
FIG. 2. Effects of SRP depletion on chemotaxis pathway components and chaperones. A–C, Changes in the expression (pSILAC) and
steady-state (SILAC) levels of proteins involved in chemotaxis and bacteria motility. D–F, Changes in the expression (pSILAC) and steady-state
(SILAC) levels of chaperones and proteases.
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function of L31 is unclear, but its induction by 32 has led to
the suggestion that it represents a link between heat shock
responses and translation (47). Additional suggestions of this
link include the up-regulation of several enzymes essential for
ribosome assembly at 11–12 generations after SRP depletion,
including RluB and RrmJ that modify the 23S rRNA, and MiaA
that stabilizes reading frames during protein synthesis
(supplemental Table S12E). These enzymes are known to be
up-regulated during heat shock (47), and their increased ex-
pression may reflect adaptive responses to maintain ribo-
some stability and translation in the face of stress.
To directly test whether the loss of SRP affected the abun-
dance and activity of ribosomes, we compared the ribosomal
profiles of SRP and SRP– cells by sucrose gradient ultra-
centrifugation. Loss of SRP did not significantly change the
overall abundance of ribosomes, but reduced the polysome
population after the 11th generation, suggesting reduced
translation activity only at late stages of SRP depletion (Figs.
5D–5F).
Induction of Stress Responses at Late Stages—At 11–12
generations after SRP depletion, the synthesis of a large
number of proteins (104, or 11% of total quantified proteins)
was up-regulated (normalized ratio 5; supplemental Tables
S12F, S12G) despite the global reduction in protein synthesis.
These proteins are enriched in stress response pathways,
including heat shock, phage shock, redox balance (NuoI,
yhhX, IspB and FlaV), DNA repair (RecG), and cell volume
regulation (CvrA). There was also significant up-regulation of
proteins involved in filamentous bacteria and biofilm forma-
tion (supplemental Table S12F). Several proteins involved in
DNA binding and chromosome segregation exhibited reduced
expression or steady-state levels, including the DNA translo-
case FtsK required for chromosome resolution and septum
formation during cell division (48), and the DNA binding pro-
teins Rir4, DbhB, and NDK (supplemental Table S12G). Many
of these effects likely reflect the consequences and cellular
FIG. 3. Changes in the expression (pSILAC) and steady-state
(SILAC) levels of proteins involved in TCA cycle (A) and glycolysis
(B) after the depletion of SRP. Gray, not detected or quantifiable.
FIG. 4. Changes in the expression (pSILAC) and steady-state
(SILAC) levels of proteins involved in ion and amino acid transport
after the depletion of SRP. Gray, not detected or quantifiable.
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adaptive responses to cumulated stress generated by defec-
tive protein biogenesis at the membrane. The fact that SRP–
cells exhibited filamentous morphology and defects in cell
growth at this stage (supplemental Fig. S5A; (5)) suggest that
many of these responses, though less directly connected to
the SRP, reflect cellular stress and defects that are intimately
linked to the eventual cell death.
SRP Depletion Causes Dissipation of Membrane Potential—
The down-regulation of motility and induction of the phage
shock protein, both of which are sensitive to the membrane
potential, led us to hypothesize that SRP depletion impairs
the proton motive force (pmf). To directly test this hypothesis,
we used fluorescence imaging with JC-1 to compare the 
component of pmf in wild type and SRP depleted cells. JC-1
is a pmf sensitive dye that exists as a green fluorescent
monomer at low membrane potential, but forms red fluores-
cent aggregates at high membrane potential. These experi-
ments showed that pmf was compromised immediately after
SRP depletion, and that this defect exacerbated with pro-
longed loss of SRP (Fig. 6A and supplemental Fig. 5B). At the
12th generation after SRP depletion, the loss of pmf is similar
to that in cells treated with the ionophore CCCP (Fig. 6A).
Phosphorylation of ArcB/A is a key pathway that senses
defects in the electron transport chain and redox homeostasis
at the membrane, which are critical for maintaining the pmf.
To test whether SRP depletion activates the ArcB/A signaling
FIG. 5. Ribosomal proteins did not change significantly upon SRP depletion. A, Relative expression (pSILAC) and steady-state (SILAC)
levels of ribosomal proteins, most of which were grouped in cluster 7. B, C, Changes in the expression (black) and steady-state (red) levels of
50S ribosomal protein L31B (B) and L31 (C). D, Analysis of ribosome profiles for SRP and SRP- cells at various times after SRP depletion,
carried out as described under “Experimental Procedures”. E, F, Quantification of the total ribosome content (E) and the polysome fractions
(F) from the data in part D.
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pathway, we measured the expression of reporter genes
placed under the control of lctPRD operon (41), which is
repressed upon phosphorylation and activation of ArcB/A.
Indeed, ArcB/A was significantly activated after 9 generations
of SRP depletion (Fig. 6B), providing additional evidence for
severe defects in membrane potential upon the loss of SRP.
SRP Depletion Compromises the Bacterial Envelope—We
next asked how the localization of proteins could be altered
by the depletion of SRP, which would result in their reduction
in the target compartment (e.g. membrane or periplasm) and
possibly accumulation in the cytoplasm. To this end, we frac-
tionated equal amounts of SRP and SRP– cells from the
ninth generation into the cytoplasmic, periplasmic, and mem-
brane fractions (supplemental Fig. S6), and compared the
protein levels of SRP- versus SRP cells in each fraction
using SILAC. A recent work (7) indicated that the steady-state
distribution of most membrane proteins was not significantly
affected by SRP depletion, and our preliminary analysis
reached similar conclusions. We therefore focused our anal-
yses on the periplasmic proteome. We identified 18 proteins
that exhibited substantially reduced levels in the periplasm
(Fig. 7A); among them, six proteins also accumulated slightly
in the cytoplasm (Fig. 7A, Class II and supplemental
Tables S12H, S16–S21). The pSILAC and SILAC results
showed that neither the expression nor steady-state level of
FIG. 6. SRP depletion dissipates the membrane potential. A,
Measurement of pmf using fluorescence imaging with JC-1, as de-
scribed under “Experimental Procedures.” The number of cells that
exhibit green (530 nm; low pmf) or red (590 nm; high pmf) fluores-
cence was quantified and their ratio was plotted for each generation
after SRP depletion. For representative images, see data in sup-
plemental Fig. S5B. B, The ArcA/B phosphorylation/signaling path-
way was activated at late stages of SRP depletion. ArcA/B activity
was measured using a -Gal reporter for SRP (black) and SRP- (red)
cells, as described under “Experimental Procedures.” The data rep-
resent the average of three experiments, and error bars denote stand-
ard deviation.
FIG. 7. SRP depletion compromises the bacterial envelope. A,
Impaired localization of periplasmic proteins at the ninth generation
after SRP depletion. P, periplasm; C, cytoplasm. Class I and II are
distinguished by whether the proteins also exhibited cytoplasmic
accumulation. B, C, Analysis of the permeability of SRP and SRP-
cells to SDS (B) and vancomycin (C) at various generations after SRP
depletion. The concentrations of SDS or vancomycin required to
produce a 50% reduction in cell trubidity were reported. The data
represent average values from duplicate experiments.
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these proteins was altered by the SRP depletion at this
stage, ruling out artifacts caused by cellular adaptive re-
sponses. Among these proteins were two verified SRP
substrates, DsbA and TolB (18), supporting the validity of
this strategy in identifying proteins whose proper localiza-
tion is SRP-dependent.
Interestingly, many of these proteins were molecular chap-
erones (FkbA, Skp, SurA, PPiA, DsbA) essential for protein
folding in the periplasm and for the export of outer membrane
proteins, suggesting that SRP is also important for the integ-
rity and homeostasis of the bacterial envelope. To directly test
this idea, we investigated whether the bacterial envelope is
compromised in SRP- cells based on their sensitivity to min-
imal doses of vancomycin and SDS. These reagents are im-
permeable to intact bacterial outer membrane in wild type
cells, but become toxic to cells with compromised envelope.
Indeed, SRP- cells exhibited increased sensitivity to these
reagents after five generations of SRP depletion, and the
defect exacerbated with continued loss of SRP (Figs. 7B, 7C).
This provided direct evidence that the loss of SRP also causes
severe defects in the bacterial envelope.
DISSCUSSION
pSILAC as a Powerful Tool to Identify Newly Synthesized
Proteome—Cells constantly sense and respond to intracellu-
lar or environmental cues by reprogramming their gene ex-
pression. The selective identification of newly synthesized
proteome provides an important means to understand such
responses. Using the SRP pathway as a model system, we
demonstrate here that pSILAC, pioneered by the Selbach
group (29), provides a simple and powerful method to quan-
titatively identify changes in protein expression in response to
cellular stress or signaling cues. The combination of pSILAC
with SILAC allowed us to pinpoint cellular reprogramming and
proteome changes in response to SRP depletion, and pro-
vided new insights into the roles of SRP in cell physiology and
pathology. Compared with previously described approaches
that enrich and identify the newly synthesized proteome using
chemical tags (49, 50), pSILAC is simple in design and exe-
cution as it bypasses the chemical tagging and purification
steps. Further, although methods using chemical tagging have
yielded, in general, 200–500 newly synthesized protein iden-
tifications (49, 50), the pSILAC procedure in this study yielded
1000–1400 protein identifications in each experiment, of
which 700–1300 are quantifiable, indicating that it is also
highly efficient. Finally, comparison of the pSILAC and SILAC
data could, in principle, yield information about protein stability
(29). In this study, reductions in the steady-state level of proteins
generally lagged behind the reductions in their expression, yet
different proteins exhibited different durations of such “lags.”
This information could be used to provide rough estimates of
the relative turnover rates of these proteins in vivo.
Cellular Reprogramming and Proteome Changes in Re-
sponse to Loss of SRP—SRP is essential for the survival of
most bacterial and mammalian cells. Previous work has iden-
tified two major consequences of SRP depletion: cytoplasmic
accumulation of SRP substrates, which induces the heat
shock response, and a kinetic defect in the localization of
inner membrane proteins (7, 8, 11, 12). Down-regulation of the
synthesis of ribosomal components has been observed as an
adaptive response to the loss of SRP in yeast cells and in S.
mutans (6, 23). Recent studies also found that the steady-
state level of metabolic proteins was reduced upon SRP
depletion (7). Here, time-resolved proteomic analysis enriched
the previous findings, demonstrated more extensive roles of
SRP in bacterial physiology, identified additional proteins
whose localization is dependent on SRP, and emphasized the
importance of proper membrane protein biogenesis. This
work also provided a case study for cellular adaptive re-
sponses to the stress caused by protein localization and
biogenesis defects. We note here that because of the use of
10 kDa cutoff filters during sample preparation, a number of
small proteins associated with stress responses (51) may
have escaped detection in this work; the extent of cellular
stress response to protein biogenesis defects could be more
extensive than described here.
Immediate Cellular Responses to the Loss of SRP—Two
major cellular adaptive responses occurred at early stages of
SRP depletion (Fig. 8A). First, there was an induction of cy-
toplasmic chaperones and proteases. As suggested previ-
ously (4, 6, 7), this likely arises from the heat shock response
(Fig. 8A, magenta). Heat shock proteins protect cells against
the accumulation of mislocalized proteins in the cytoplasm;
they might also provide alternative pathways to deliver pro-
teins to the membrane, although this role has not been dem-
onstrated in bacteria (Fig. 8A, dashed arrow). Second, there
were global reductions in the expression and steady-state
levels of enzymes in the TCA cycle and respiratory chain
complex (Fig. 8A, cyan). As the electron transport chain is
primarily responsible for generating the pmf, its down-regu-
lation is intimately linked to the reduction of membrane po-
tential upon the loss of SRP (Fig. 8A). The extensive down-
regulation of cell motility observed concurrently is likely an
adaptive response to the impaired membrane potential, as
bacterial motility is a pmf-consuming process. Likewise, the
reduced synthesis of ion, amino acid, and peptide transport-
ers (Fig. 8A, orange) most likely reflect adaptive responses to
reduced membrane potential, as most of these transporters
are driven by the pmf (52, 53). Together, these results dem-
onstrate a previously under-appreciated role of SRP in
intracellular metabolism and the maintenance of membrane
potential.
How the loss of SRP leads to down-regulation of metabo-
lism and the dissipation of pmf remains to be determined.
Several possibilities could be envisioned. The proper biogen-
esis of key enzymes in the respiratory chain complex could be
highly SRP-dependent, whose defective biogenesis could in-
duce the cells to down-regulate their expression. In support of
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this notion, cytochrome-d oxidases (CydA/B) have been sug-
gested to be SRP substrates from a genetic screen (17).
Alternatively or in addition, the kinetic defects in the biogen-
esis of numerous proteins on the bacterial inner membrane (7,
11, 12), though mild, could compromise the quality of mem-
brane and signal the cells to down-regulate metabolism. The
identification of a more complete set of SRP substrates,
higher resolution methods to investigate the quality of the
FIG. 8. Model for the consequences and cellular adaptive responses at various stages of SRP depletion in bacteria. A, Immediate
cellular responses to SRP depletion (	7 generations), which primarily involves the heat shock response (magenta), down-regulation of TCA
cycle and the respiratory chain (cyan), coupled with compromised pmf which likely leads to down-regulation of chemotaxis/motility and
reduced expression of pmf-dependent transporters. B, Cellular stress responses and proteome changes at late stages of SRP depletion (9
generations), including: reduced levels of TCA cycle and respiratory chain components (cyan) coupled with severe dissipation of the pmf, which
leads to activation of ArcB/A signaling (brown) and induction of the phage shock response (purple); a second spike of cytoplasmic chaperones
and protease induction (magenta); reduced levels of transporters (orange and yellow); impaired localization of periplasmic chaperones that
leads to envelope stress and the induction of DegP and DegQ (dark blue); defects in chromosome segregation and cell division that leads to
filamentous morphology (coral).
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cytoplasmic membrane, and advances in the understanding
of signaling pathways that regulate cellular metabolism will be
crucial to distinguish between these models.
A Transient “Adapted” Phase—During seven to nine gener-
ations after the loss of SRP, cells appear to enter a relatively
“adapted ” phase, during which the synthesis of heat shock
proteins returned to “normal ” rates, and cells maintained a
new steady-state level of these proteins. The proteins in-
volved in motility and metabolism remained at a new steady-
state level. Up until this stage, SRP-depleted cells maintained
similar growth rates and morphology as wild-type cells. This
demonstrates the effectiveness of cellular adaptive responses
in overcoming the stress caused by protein biogenesis de-
fects, and argues against the cytoplasmic accumulation of
SRP substrates and heat shock as the major source of toxicity
upon SRP depletion.
Stress Responses After Prolonged SRP Depletion—At late
stages of SRP depletion (
9 generations), another wave of
cellular reprogramming occurred that was more extensive
than the earlier response (Fig. 8B). Despite the complexity of
these responses, many of them could be attributed to two
closely interconnected phenomena: the severe reductions in
the level of TCA cycle/respiratory chain components (Fig. 8B,
cyan) and the dissipation of pmf (Fig. 8). For example, both
the activation of the ArcB/A signaling pathway (Fig. 8B,
brown) and the induction of PspA (Fig. 8B, purple) at this
stage are consistent with the roles of these pathways in
sensing and rescuing redox imbalances in the respiratory
chain and defects in pmf. The phage shock response, in
addition to the heat shock response, is likely responsible for
the second spike of chaperone and protease induction (Fig.
8B, magenta). It is not clear what caused the slight reductions
in the expression of protein translocation machineries (SecY,
YidC, and TatAC; Fig. 8B, yellow) after the ninth generation.
These reductions, though minor, could further exacerbate the
stress at the membrane and defects in protein homeostasis of
the cell.
In addition, stress pathways were induced that reflect de-
fects in DNA metabolism and cell division (Fig. 8B, coral),
including reduced levels of the DNA translocase FtsK and
DNA binding proteins (Rir4, DbhB, NDK), and induction of the
DNA repair protein RecG and cell volume regulator CvrA.
Although many possibilities exist, these defects have been
reported to arise from the dissipation of pmf, which causes
delocalization or defective biogenesis of membrane proteins
involved in cell division and chromosome segregation (48).
Thus these defects, though less directly connected to the
SRP pathway, reflect the link between protein homeostasis
and genome stability; they are likely responsible for the
changes in cell morphology, the induction of pathways in-
volved in filamentous bacteria and biofilm formation (Fig. 8B),
and eventually cell death.
Loss of SRP Compromises Bacterial Envelope—SRP de-
pletion also impairs the proper localization of a group of
periplasmic proteins, including several key chaperones in the
periplasmic space (Fig. 8B, dark blue). As these chaperones
are essential for the folding, export and biogenesis of many
periplasmic and outer membrane proteins, this suggests that
SRP depletion not only affects events at the inner membrane,
but also profoundly impairs protein homeostasis in the entire
bacterial envelope (Fig. 8B, dark blue). In support of this
model, SRP- cells exhibit impaired outer membrane integrity
and becomes hypersensitive to minimal doses of drugs that
are normally impermeable to an intact bacterial envelope.
Further, the DegP and DegQ proteases, which are often in-
duced by protein misfolding in the periplasm and outer mem-
brane (54, 55), are induced at late stages of SRP depletion
(Fig. 8B, dark blue).
Comparison of Cellular Adaptive Responses to the Loss of
SRP—It is intriguing to compare the cellular reprogramming
and adaptive responses upon SRP depletion in E. coli to
those in S. cerevisiae and S. Mutans, which can survive the
loss of SRP (6, 23, 56). In all cases, cells up-regulate
the expression of chaperones and proteases to cope with the
accumulation of mislocalized membrane and secretory pro-
teins. A significant difference is that yeast cells as well as S.
Mutans also down-regulate the synthesis of ribosomal com-
ponents and thus reduce global protein synthesis (6, 23). In
contrast, active down-regulation of protein synthesis was not
observed in E. coli. The modest reduction in protein synthesis,
observed only at late stages of SRP depletion ((7) and this
work), is most consistent with destabilization of the ribosome
in the face of protein homeostasis imbalances, and cellular
responses to maintain ribosome stability in the face of this
stress were observed instead. Another notable difference is
that chaperones such as Hsp70 provide efficient alternative
pathways for protein secretion in yeast cells (24); conceivably,
the up-regulation of Hsp70 proteins upon SRP depletion
could effectively help yeast cells cope with the loss of SRP.
The ability of the bacterial Hsp70 homologue, DnaK, to help
rescue protein targeting has not been established. Notably,
the expression and steady state levels of SecA and SecB,
which together provide an alternative pathway for the target-
ing of membrane and secretory proteins in bacteria (Fig. 8,
pink), remain unchanged upon SRP depletion. The absence of
down-regulation in protein synthesis, which reduces the load
on protein targeting and translocation machineries (23), as
well as up-regulation of effective alternative protein targeting
pathways may account, at least in part, for the inability of
E. coli to survive the loss of SRP compared with yeast cells.
Summary and Perspective—The combination of pSILAC
and SILAC allowed us to distinguish cellular adaptive re-
sponses from changes in protein level caused by their mislo-
calization and degradation. The results revealed new roles of
SRP in membrane potential, metabolism and energy status,
and protein homeostasis in almost all the cellular compart-
ments. These results also suggest that, aside from the cyto-
plasmic accumulation of mislocalized proteins, other delete-
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rious consequences of SRP depletion may ultimately cause
cell death. These include the collapse in metabolism and
membrane potential, defects in envelope integrity, and ge-
nome instability.
Intriguingly, the results here and from previous work pres-
ent two opposing sets of observations. On the one hand,
previous work showed that SRP depletion causes only a mild
kinetic defect in the localization of inner membrane proteins
(7, 8, 11, 12); we also found here that the steady-state level or
distribution of most inner membrane proteins was not signif-
icantly altered by SRP depletion. On the other hand, the
numerous cellular stress responses upon the loss of SRP
observed here indicate stress and compromised integrity of
the membrane. These observations led us to speculate that
cotranslational protein targeting by the SRP is important not
only for the localization of inner membrane proteins, but also
for their proper folding, integration, or assembly. Alternative
pathways could help rescue their localization, but might not
restore their proper biogenesis and function. The immediate
reduction of pmf upon SRP depletion suggests that such
folding/assembly defects occurred as a direct consequence
of the loss of SRP. At late stages of SRP depletion, these
defects could be further exacerbated by the impaired pmf,
which is crucial for the proper orientation of many membrane
proteins (57). The link between protein targeting pathways
and the subsequent folding/assembly of proteins has been
documented in a number of cases (10, 58, 59), and will remain
an important subject for future investigations.
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